Introduction
Forest Products Laboratory Report No. 1810 (of which this report is a supplement) deals with the compressive wrinkling stresses in the facings of sandwich constructions having continuous core materials. When a sandwich construction is subjected to edgewise loads, the facings act similarly to elastically supported columns and, therefore, have definite critical loads. Also, these facings are never perfectly flat, so that deflections occur at small loads and increase more and more rapidly as the load approaches the critical load. these deflections, thus tensile and shear stresses develop in the core and in the bond between the core and the facings. These stresses increase very rapidly as the critical load is approached, and thus failure takes place in the core or bonds at loads less than the critical value. Report No. 1810 presents formulas for the maximum loads and a method of design for sandwich constructions that may fail by this method. These formulas and this method will not apply to certain sandwich constructions involving honeycomb core materials because the size of the cells in the core material will influence the length of the waves into which the facings wrinkle. This supplement to Report No. 1810 presents equations and a design method that do apply to sandwich constructions having cores of honeycomb materials.
Nomenclature
The nomenclature is identical with that of Report No. 1810. 
. 
for plane strain; in which y is always associated with the L direction ( fig. 1 ) and x and z are associated with the T and R directions, respectively, or the R and T direction, respectively. The values of o-yx and o-yz are substantially equal to the value of Poisson's ratio for the material of which the cell walls are made and may be taken to be about 0. 3.
Values of K were computed by means of equation (2) for a few honeycomb core materials for which appropriate elastic properties were available. These values are given in table I. It is found that for most of these materials K is very small compared with 0. 5. This occurs because the values of E x are usually very small compared with the values of Ey and I.Lxy.
From this it was assumed that usable equations for the critical stress in the facings of sandwich panels having honeycomb cores could be obtained from equations 1. 9. 1 (for antisymmetrical wrinkling) and l.10.1 (for symmetrical wrinkling) of Report No. 1810 by letting the ratio Ex approach zero. This was Ey done by first letting CT = 0 and then taking the limit of these equations. for symmetrical wrinkling.
In equation (6) q cannot be less than the cube root of 2 if /3 is to remain positive, as it must. (Because it is an elastic property.)
The curves of equations (6) and (7) are plotted in figure 2 together with the 1 curve of shear instability, Q = -q. It may be noted that outside of the range 2 of q in which the value of Q is controlled by shear instability, symmetrical wrinkling leads to lesser values of Q than antisymmetrical wrinkling. This leads to the conclusion that sandwich panels with honeycomb cores will wrinkle symmetrically.
Stresses in Facings at Failure
As discussed in Report No. 1810, failure may be expected to occur before the critical stress is reached, due to failure in the core, or in the bond between the core and facings, because of the stresses built up associated with the waves originally present in the facings. In Report No. 1810 the data indicated that the amplitude of these original waves was proportional to the core thickness; thus the waves were probably created in the manufacture of the panel because of the presence of hard and soft spots in the core material. This assumption may not be valid in connection with honeycomb cores because these cores are very uniform in texture and thickness.
The sheets of facing material, as tliey are received by the panel manufacturer, are never perfectly flat, noi° are they perfect ruled surfaces. As they are pressed to the honeycomb cores, buckles form that break into shorter and shorter buckles as the pressure is increased. When the pressure is sufficient to effect good bonding between the facing material and the core, the size of the buckles is coincident with the size of the cells of the core material and their amplitude is consistent with the amount of excess facing material over that required to make the facing sheets perfect ruled surfaces. Now, if these same facing sheets were pressed to a core having a larger cell size than the previous one, buckles will be formed consistent with the same amount of excess material l?ut of a greater length. It follows that the ratios of the amplitude to the wave lengths of these two sizes of buckles are identical. 
12 L 2 X. 7 E 1 + or in the abbreviated form:
In equation (10) the thickness of the facings is included in the symbols A and a. This was done because it is not expected that equation (9) will show the variation of wrinkling stress with that of facing thickness. There is little assurance that the same amount of excess material will occur in facing materials of different thickness, and, therefore, the factor Ko may readily be an unknown function of this thickness.
This equation may be used in a number of ways. It is assumed that the information required for the computation of A and a is at hand. If K is very small (in the hundredths), L becomes the cell size of the core material and the value of b may be found from tests of specimens having a certain core thickness (c).
It is then possible to compute, by use of the equation, the wrinkling stresses of specimens having other core thicknesses. If K is not small, equation (10) does not apply accurately. A reasonable approximation may be obtained by assuming both b and L are unknown. Thus tests of specimens having two different core thicknesses are required to obtain these values. The following equations, obtained from equation (10), are useful for this purpose. 
Equation (10) may be handled in still another way, with b and L assumed to be unknown. The value of L is assumed to be that which will cause the wrinkling stress (p) to be a minimum. By placing the derivative of p with respect to L equal to zero and solving for b:
and directly from equation (10):
These two equations, simultaneous in b and L, may be solved by cutand-try methods. The solutions obtained will depend upon the core thickness (c) assumed.
It will be shown that this method of solution does not agree well with experimental results and the previous ones do. It follows that the value of the half-wave length (L) is associated with the cell size of the honeycomb core material.
Description of Specimens
It was desired to obtain face wrinkling at stresses in the facings well below the proportional limit value of the facing material. Tempered spring steel 0. 01 inch thick was, therefore, chosen for the face material, Edgewise compression tests of this material supported between lubricated plates indicated that the proportional limit stress was above 200, 000 pounds per square inch. The modulus of elasticity was very near to 30 million pounds per square inch, and the Poisson's ratio was assumed to be 0. 3. The ratio Ef _ Xf was, therefore, assumed to be .33 million pounds per square inch, Two resin-treated paper-honeycomb-core materials were used According to tests, subsequently described, they were found to have the following properties Other properties of core B were measured and will be found in the appendix, Core A was used in six thicknesses, 3/8, 1/2, .3/4, 1, 1-1/2, and 2-3/8 inches.
Five specimens of sandwich construction were made of each thickness. The specimens were 4 inches long and 2 inches wide, The core material was oriented in these specimens with the R direction ( fig. 1 ) parallel to the length Report No 18]0-A -8-of the specimen. The ends of the facings were ground smooth and parallel to each other. Plaster ends were cast on the specimens as described in Report No. 15561 and illustrated in figure 4 of that report.
Core B was used in seven thicknesses, 3/8, 1/2, 5/8, 3/4, 7/8, 1, and 1-1/4 inches. Three specimens of sandwich construction were made of the 3/8-inch thickness, five each of the 1/2-and of the 5/8-inch thickness, two of the 7/8-inch thickness, and six each of the remaining thicknesses. The width of the specimens was 1-1/4 inches, and their lengths varied roughly with their thicknesses and were 2-1/2, 3, 3-1/2, 4, 4-1/2, 5, and 5 inches. Their ends were ground and cast in plaster as described for core A.
Methods and Results of Tests Sandwich Specimens
The sandwich specimens were tested according to the method described in Report No. 15563 on pages 4 and 5 and illustrated in figure 4 of that report.
The results of these tests are given in table 2 for sandwich constructions having Care A and in table 3 for those having core B. In these tables the distance between the plaster ends (unsupported length) is given in column 1, the width of the specimen in column 2, the core thickness in column 3, the load at failure in column 4, and the stress in the facings at failure in column 5. In computing these stresses it was assumed that the core does not carry an appreciable portion of the load.
In table 2, column 6 lists the average dimension of the cells in the direction of the load for each specimen. Column 7 lists the moduli of rigidity of the core material calculated from the maximum loads of the specimens that were sufficiently thin to fail by shear instability. The formula used for these calculations is: This formula was obtained from formula 3. 211 (A) of ANC bulletin 23 4 by assuming the rectangular sandwich panel to be infinitely wide and to be clamped at its loaded ends. The average value (1, 560 lbs. per sq. in. ) of the thinner specimens that failed by shear instability was used in the calculations subsequently described, because the thicker specimens that failed in this way yielded erratic values.
Similar values of modulus of rigidity are given intable 3, column 6, for core material B. The dimension of the cells in the direction of the load for this core material was measured on one specimen only and was found to be 0.17 inch.
Specimens of Core Material
The moduli of elasticity in the direction of the flutes (EL) was determined by the method described in Report No. 1555,-5 pages 5 and 6, and illustrated in figure 3 of that report. Two specimens of core A were tested and yielded the values 13, 800 and 19, 600 pounds per square inch, with an average of 16, 700 pounds per square inch. Four specimens of core B were tested and yielded the values 65, 300, 67, 900, 68, 400, and 72, 900 pounds per square inch, with an average of 68, 600 pounds per square inch.
The moduli of elasticity in the other two directions (E R and E T) were measured for core A on specimens 4 inches long and Z by 2 inches in cross section. Light loads were applied in a testing machine, and the deformation between the heads of the machine were read. Two specimens were tested for the determination of each modulus. The value of K for core A was 0. 039, as previously indicated, so that equation (10) of the mathematical analysis should apply. Referring to figure 3 , the straight line to the left is the shear instability curve given by:
= c Pf
Examination of the failures of the two groups of thinnest specimens indicated that they failed by shear instability; and the modulus of rigidity of the core material (p.xy) was calculated by a formula similar to that above, but taking the stiffnesses of the individual facings into account, as previously indicated.
The remaining plotted values vary only slightly with the core thickness. It follows that the right-hand fraction in equation (10) must be nearly unity. If it is assumed that this fraction is unity, the value of the half-wave length (L) may be calculated by using the average value (43, 900) of the stress. This computed half-wave length is found to be 0. 249 inch, which agrees very well with the measured cell size of 0. 24 inch. This agreement indicates that the half-wave length is associated with the cell size.
The average stress at failure for one of the groups of specimens tested may be used for the determination of, by the method previously described, by using the cell size (0. 24 in.) as the half-wave length. By using the fourth point from the left in figure 3 for this purpose, the value of t is found to be Ko 5, 270, and the curve shown is obtained. The experimental points roughly fall on this curve except for those indicating failure due to shear instability. symmetrical wrinkling are given according to equations (6) and (7). It is evident that the experimental points are not related to these curves. A curve is also shown that was calculated from equations (13) and (14), so as to pass nearly through the third and fourth points. For this purpose a value of t of 8,170 was chosen. The half-wave lengths associated with this Ko curve are also shown in figure 3. It is evident that the experimental points are not associated with this curve. All these curves do not take into account the influence of the cell size on the half-wave length, and therefore support the theory that this influence should be taken into account.
The value of K for core B was 0. 32, which is too large for the present theory and too small for the theory given in Report No. 1810. It will be shown, however, that both theories apply to this core material. Figure 4 shows the experimental points plotted on the graph of figure 16 of Report No. 1810. It may be seen that the points roughly follow the curve for a value of K of 0. 05, except for those groups of specimens that failed because of shear instability. Thus the positions of the points could readily be estimated by the use of this curve sheet if the position of one of them is known. The use of the curve sheet leads to reasonable estimates. Figure 5 is a plot for this data similar to figure 3. Because of the large value of K(0. 32) it could be guessed that the use of a single point and a halfwave length equal to the cell size (0. 17 in.) would not be suitable. This may be illustrated by assuming that the second fraction in equation (10) is unity and by calculating the half-wave length by using the average value of the stress at failure (165, 000 lbs. per sq. in.). The value of the half-wave length resulting from this calculation is 0.128 inch, which does not compare well with the measured value of 0.17 inch. If, however, equations (11) and (12) are used with the experimental values for the second point from the left and the average values for the sixth and seventh points, a value for the half-wave length of 0.1377 and a value for t of 94, 500 are obtained. The resulting Ko curve is shown in figure 5 , and it may be seen that the remaining experimental points, except the first one for which shear instability controls, fall roughly on the curve. Used in this way, the theory predicts reasonable values for the remaining points.
Several other computed curves are given in figure 5 for comparison with this one. The dimpling stress, as computed according to Report No. 1817,
6
-was found to be greater than the proportional limit of the steel facings and, thus, does not influence the results. The critical curves from equations (6) and (7) show little relation to the data. Critical stresses for various values of the half-wave length may be obtained from equation (10) (tensile strength of bond is infinite). The data are, of course, related to the critical stress for L = 0.1377, as is seen from the figure, but are not related to the critical stress for a half-wave length equal to the cell size (0.17). The half-wave lengths associated with the symmetrical critical stresses are also shown in tfte figure. It is seen that the curves associated with a constant half-wave length of 0.1377 inch are related to the experimental data. It seems, therefore, that the half-wave length is limited by the cell size of the core but is not equal to it. It is possible, however, that all the theory does, used in this way, is to put a smooth curve through the experimental points; but even if this is the case, it does not detract from the usefulness of the theory. It suggests, however, that the values of the halfwave length and t obtained, may be fictitious. K o
Conclusions
It is concluded from these tests that:
1. If the value of K for the honeycomb core material is sufficiently small (near zero), the theory developed applies. 2. If the value of K is larger, equations (11) and (12) In this report it is assumed that the honeycomb core materials are orthotropic in the RT plane ( fig. 1 ). It is evident from the geometry of the figure that the R and T axes are orthogonal axes of symmetry and, therefore, that the material, in mass, is orthotropic; but that undoubtedly this orthotropicity does not hold over dimensions about equal to, or less than, the dimensions of the individual cells.
A few tests were made in which strains were measured over a one-inch gage length that included about six cells. Although these tests were inadequate, they do indicate that the material is orthotropic over dimensions of this size. 1 -E R E R E T tan 2 4) Eein 2 0 cos 2 0 These equations were checked by the substitution in them of measured values of the various elastic properties. The apparatus used is illustrated in figure 6 . Four specimens were used. Their dimensions were 1 inch in the L direction 2 and 2 inches in both the T and R directions. A specimen, A in figure 6 , was placed between the support, B, and the loading bar, C, on 1/8-inch-diameter rollers as shown. A wire yoke connected the loading pan, E, to the loading bar, C, and the specimen was loaded by placing weights on the pan. Deformation of the specimen was measured by means of an autocollimated optical-type compressometer, of one-inch gage length, placed on top of the specimen. Each specimen was tested in eight positions: (1) the force applied and the strains measured in the T direction, (2) the force applied in the T direction and the strains measured in the R direction, (3) the force applied and the strain measured in the R direction, (4) the force applied in the R direction and the (16) Report No. 1810-A -14-strains measured in the T direction. The specimen was then turned the other side up and tests in these four positions were repeated. The loading consisted of increasing the load by equal increments and then decreasing it to zero. Thus the effect of the slight amount of friction present in the apparatus was eliminated by averaging these two curves. The stress-strain curves were plotted, and their slopes were computed. The values of these slopes are given in table 4. From these slopes values of ET, E R, c TR., crRT, ET , and ER were computed. These values are listed in table 4.°T R °RT ET ER The average value of was found to be 440, and that of -was found to°R T be°T R be 380. According to Maxwell's relations, these values should be identical, and they probably are, within the accuracy of the tests. Their average value of 410 was used for comparison with subsequent calculations.
The cells in the core material seem to be arranged in rows running at an angle of 32° to the T direction. It would seem that the two axes previously referred to should be about parallel to these rows. A single value of p. RT was obtained from a test similar to that described in Report No. 1555,-3 pages 13 and 14, and illustrated in figures 12 and 13. The value obtained was 2, 490 pounds per square inch. This value, with the others already obtained, was substituted in equation (15), and 4)D was found to be 41°, which shows that the two axes are roughly parallel to the rows of cells.
Two specimens similar to those tested in the apparatus illustrated in figure 6 were cut from the core material so that the load could be applied in the direction of the rows of the cells (4) = 32°). The values of E 4 , obtained were 5, 300 and 2, 640, or an average of 3, 970 pounds per square inch. This value, with the values of E T , E R, and p.m, already obtained, were substituted in equation (16) .045 : .054 : 2.7 : 9.7 : .345: .104 
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